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In this paper, we report the development of an intensity modulated fiber optic sensor for angular
displacement measurement. This sensor was designed to present high sensitivity, linear response,
wide bandwidth and, furthermore, to be simple and low cost. The sensor comprises two optical fibers,
a positive lens, a reflective surface, an optical source, and a photodetector. A mathematical model
was developed to determine and simulate the static characteristic curve of the sensor and to compare
different sensor configurations regarding the core radii of the optical fibers. The simulation results
showed that the sensor configurations tested are highly sensitive to small angle variation (in the range
of microradians) with nonlinearity less than or equal to 1%. The normalized sensitivity ranges from
(0.25 × Vmax) to (2.40 × Vmax) mV/µrad (where Vmax is the peak voltage of the static characteristic
curve) and the linear range, from 194 to 1840 µrad. The unnormalized sensitivity for a reflective
surface with reflectivity of 100% was measured as 7.7 mV/µrad. The simulations were compared with
experimental results to validate the mathematical model and to define the most suitable configuration
for ultrasonic detection. The sensor was tested on the characterization of a piezoelectric transducer
and as part of a laser ultrasonics setup. The velocity of the longitudinal, shear, and surface waves
were measured on aluminum samples as 6.43 mm/µs, 3.17 mm/µs, 2.96 mm/µs, respectively, with an
error smaller than 1.3%. The sensor proved to be suitable to detect ultrasonic waves and to perform
time-of-flight measurements and nondestructive inspection, being an alternative to the piezoelectric
or the interferometric detectors.
OCIS codes: (060.2370) Fiber optics sensors, (280.3375) Laser induced ultrasonics, (120.4290)
Nondestructive testing.
https://doi.org/10.1364/AO.51.004841
1. Introduction
Laser ultrasonics is an all-optical nondestructive
inspection technique which employs a Q-switched
∗ Corresponding author: sakamoto@ieav.cta.br
laser (a pulsed laser) to generate an ultrasonic wave
over the surface (or bulk) of an inspected sample,
and an optical sensor to detect the ultrasonic wave
(after crossing the region under analysis) and to
provide an electric signal containing the required
information. Inasmuch as the aforementioned tech-
2nique employs an all-optical setup, it becomes at-
tractive, since it is couplant free, non-contact and
remote from the inspected sample [1]. The most
common method to generate and detect ultrasound,
in order to perform nondestructive inspection, em-
ploys the piezoelectric transducer. Besides being a
contact transducer, one can cite several disadvan-
tages as the requirement of a coupling medium, high
temperatures (over the Curie point of the piezo-
electric material) are not supported, narrow band-
width, low spatial resolution, loading of the sample
surface, and it is hard to use in complex or curved
geometries [1–4]. To overcome the drawbacks of the
piezoelectric transducer, optical detectors as inter-
ferometric (e.g., Mach-Zehnder, Michelson, Fabry-
Perot, Photorefractive) or non-interferometric con-
figurations (e.g., knife-edge, fiber optic based sen-
sors, microring sensors) have being applied and de-
veloped [2, 5–9]. Among these, for industrial ap-
plications, the interferometric detectors stands out
due to their high sensitivity and their ability to de-
tect on rough surfaces [10]. However, its cost is high
as is the complexity of the setup [2, 11]. An alterna-
tive to the interferometer is the intensity modulated
fiber optic sensor, which can have a high sensitivity,
can be low cost and simple.
In the literature, there are a number of intensity
modulated fiber optic sensors, where can be high-
lighted the linear displacement sensors which basic
configuration comprises two fibers (emitting and re-
ceiving fibers) and a reflective surface. This sensor
can measure linear displacement between the fibers
and the reflective surface, relating it to the optical
intensity reflected by the surface and coupled into
the receiving fiber. Different configurations can be
found in the literature with the emitting and re-
ceiving fibers positioned parallel to each other or
in angle; instead of using only two fibers, a bun-
dle of emitting fibers and/or a bundle of receiv-
ing fibers can be used to increase the sensitivity
[11–23]. A drawback of this approach is the inabil-
ity to distinguish linear displacement from angular
displacement, decreasing the accuracy of the sensor
[24]. Another version, based on the same configura-
tion but modified to measure angular displacement,
comprises an additional positive lens [24–27]. The
configurations proposed by these authors require
fine adjustment and complex mounting. In addi-
tion, not much attention is paid to the lens position;
it is used essentially to focus the light over the re-
flective surface. According to [28], an improvement
in the amount of light collected can be accomplished
collimating the light beam through the lens. The
sensor proposed in [28] uses a graded-index (GRIN)
lens to collimate the light and the fibers are placed
in angle, facing the reflective surface. However, the
sensor was constructed to measure linear displace-
ment and the angular displacement is treated as a
secondary effect. The sensor proposed in [29] uses
an integrated lens to collimate the light and the
fibers are also placed in angle. According to the
authors, the sensor can measure distance and it is
applied as a microphone. The complexity and cost,
however, are high, since the manufacturing requires
lithographic steps.
In this work, it was developed an intensity mod-
ulated fiber optic sensor for angular displacement
measurement. This sensor was designed to present
high sensitivity, linear response, wide bandwidth
and, furthermore, to be simple and low cost. The
configuration proposed, as some angular displace-
ment sensors, comprises two fibers, a reflective sur-
face, and a positive lens. The difference arise in
the arrangement of the fibers, placed parallel to
each other, combined with the arrangement of the
lens, placed in order to collimate the light beam.
This configuration allows unequivocal measurement
since it brings very low sensitivity to linear dis-
placement and, on the other hand, very high sen-
sitivity to angular displacement [30]. Besides, as
the laser beam is collimated, the axial position of
the reflective surface can be chosen according to
the requirements of the measurement (e.g., long
stand-off distances can be set) and a fine position-
ing is not necessary. The mathematical model of
this sensor was presented in order to determine its
static characteristic curve according to geometri-
cal parameters. Computational simulation (based
on the mathematical model) and experimental data
were acquired for nine different sensor’s configura-
tion (regarding the core radii of the fibers), validat-
ing the mathematical model and allowing a com-
parison between the configurations. Finally, the
sensor proposed was applied to detect ultrasound
directly from the surface of a piezoelectric trans-
ducer and furthermore as the optical detector of a
laser ultrasonics setup, showing to be able to detect
longitudinal, shear, and surface ultrasonic waves.
Besides the laser ultrasonics application (the mo-
tivation of this work), typical applications of this
sensor could be reflective surface angle measure-
ments itself, as a microphone or hydrophone (with
a suitable diaphragm or membrane), for acoustic
emission sensing, characterization of piezoelectric
actuators, pulse-echo monitoring, measurement of
ultrasonic velocity and attenuation, and as part of
3an atomic force microscope (AFM) [2, 11, 26].
2. Principle of operation
As stated before, the two fibers are positioned and
fixed parallel to each other, with their tips aligned.
The positive lens is positioned in front of the fibers
and the reflective surface, in front of the lens, as
shown in Fig. 1. The lens plays two roles: in one
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Fig. 1. (Color online) Sensor head.
direction it collimates the light from the emitting
fiber; in the opposite direction it focuses back the
light reflected by the reflective surface. The princi-
ple of operation of the sensor is based on the lens
effect, which converts the angular variation of the
collimated beam (caused by the reflective surface),
θ, in variation of the beam spot’s position at the
tip of the receiving fiber, Y2. The receiving fiber,
besides collecting the light, works as a knife-edge
and the spot position Y2 determines the amount of
light coupled to it.
Based on this principle, a static characteristic
curve can be acquired determining the power trans-
fer coefficient, η (defined as the ratio between the
optical power coupled into the receiving fiber, Po,
and the total optical power incident at the receiv-
ing fiber surface, Pi), for each θ value. This curve
presents two linear regions which can be used for
dynamic measurements. To accomplish a dynamic
operation, the reflective surface angle must be ad-
justed in order to set the operation point on the
center of the linear region. In the case of ultra-
sound detection, the reflective surface should be re-
placed by the sample under analysis and the angle
should be adjusted properly. The ultrasonic wave
that reaches the surface of the sample creates a me-
chanical disturbance, which can be seen as a peak
and a valley with an inclined region between then.
Therefore, the sensor is able to detect the ultra-
sonic wave since this inclined region is function of
the angle θ.
The sensor’s circuitry is based on a tran-
simpedance scheme designed to acquire signals from
DC up to tens of megahertz. Thus, the sensor pro-
vides an output voltage signal in the time domain
directly, with no additional circuits for demodula-
tion as occurs in the interferometer configurations.
Also, this sensor does not require a lock-in ampli-
fier in dynamic operation (since the ultrasonic fre-
quencies are much higher than the environmental
vibration) or additional optical components.
In the next section, the mathematical model is
presented in order to determine the power transfer
coefficient, η, as function of the reflective surface
angle, θ.
3. Mathematical model
In Fig. 1, the following parameters are defined: a
is the emitting fiber core radius, b is the emitting
fiber cladding radius, aR is the receiving fiber core
radius, bR is the receiving fiber cladding radius, δ is
the gap separation between the two fibers, Zo is the
distance between the lens and the fibers, Z1 is the
distance between the lens and the reflective surface,
and fL is the lens focal distance. The XY Z axis is
fixed, with origin on the center of the emitting fiber
and Z along the emitting fiber axis.
An optical source provides the light that is con-
veyed by the emitting fiber and the light emerges
from it in a conical shape limited by the critical
angle ξo, reaching the lens. This angle is given by:
ξo = sin
−1(NA/n), (1)
where NA is the emitting fiber numerical aperture
and n is the index of refraction of the medium
around the fibers (air in this case). The distance
Zo is set to obtain a collimated beam after the lens,
given by:
Zo = fL − a/tan ξo. (2)
The collimated beam reaches the reflective surface
with incidence angle θ relative to its normal, it is
reflected with the same angle, and the total de-
viation angle is equal to 2θ. The reflected beam
stays collimated, traveling in the opposite direction
and impinges the lens again. Then, the lens focuses
the beam and the optical spot reaches the receiving
fiber core.
To determine the static characteristic curve equa-
tion, η(θ), an expression relating θ and the spot
center position, Y2, is found analyzing the chief ray
of the reflected beam. Knowing the chief ray posi-
tion and angle (Y1, α1) at the reflective surface and
using an ABCD matrix, it is possible to determine
4the position and angle (Y2, α2) at the receiving fiber
plane (Z = 0). Regarding the chosen axis shown in
Fig. 1, Y1 = 0 and α1 = 2θ. The angle θ is small
enough to use a paraxial approximation and the
following ABCD matrix [31]:
[
Y2
α2
]
=
[
1 Zo
0 1
] [
1 0
−1
fL
1
] [
1 Z1
0 1
] [
0
2θ
]
. (3)
The angle α2 is not necessary in the remaining
calculation since the optical spot radius is regarded
as constant and circular, due to the paraxial ap-
proximation. Thus, evaluation of Eq. 3 yields:
Y2(θ) = Kθ, (4)
where K = 2(Zo + Z1 − Z1Zo/fL).
The origin of the coordinate system xyz is located
at the spot center, as shown in Fig. 2. The intensity
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Fig. 2. (Color online) Front view of the sensor head and
the optical spot.
profile of the optical spot can be regarded as a gaus-
sian, and can be written in cylindrical coordinates
in terms of Pi as [32]:
I(r) =
2Pi
piw2
exp
(
−2r2
w2
)
(5)
where r is the radial coordinate related to the xy
axis, and w is the optical spot radius. The beam
divergence can be disregarded since the distance Z1
is kept lower than half of the Rayleigh range, zR,
given by [31]: zR = piw
2
o/λ, where wo is the beam
waist and λ is the wavelength of the optical source.
In this way, the optical spot radius can be regarded
as approximately the same size of the emitting fiber
core radius, i.e., w ≈ a.
The optical power coupled into the receiving
fiber, Po, can be evaluated integrating Eq. 5 over
the receiving fiber core area, SR, as:
Po = Γ
∫∫
SR
I(r)dSR, (6)
where dSR = rdφdr is the differential element of
area and the constant Γ (0 ≤ Γ ≤ 1) accounts for
the transmission loss. The receiving fiber, has at its
center, the origin of the coordinate system x′y′z′,
corresponding to the radial coordinate r′, as shown
in Fig. 2. The coordinates of an arbitrary point
Q, are defined in cylindrical coordinates as (r′, φ′)
in relation to the receiving fiber coordinate system.
On the other hand, the same point has coordinates
(r, φ) in relation to the optical spot coordinate sys-
tem. The angle φ is defined positive in the clockwise
direction with origin at the y axis. Using the law of
cosines on the triangle Qoo′, one can find the radial
coordinate r′ written in terms of the coordinates r
and φ:
r′2 = r2 + y2o − 2ryo cosφ, (7)
where yo is the distance from the center of the re-
ceiving fiber to the center of the optical spot. The
variable yo is a function of θ, since yo = m− Y2(θ),
so:
yo(θ) = m−Kθ, (8)
where m = b + bR + δ, constant, is the distance
between the center of the fibers. For a point located
at the boundary of the receiving fiber core, r′ = aR,
one can find the equation for the displaced circle in
relation to the rφ system:
φ(r) = cos−1
(
r2 + y2o − a
2
R
2ryo
)
. (9)
Equation 6 can be evaluated integrating twice the
semi-circle on the region where x > 0 with integra-
tion limits for the variable φ ranging from 0 to φ(r)
and for the variable r, from 0 to yo+aR. Thus, Eq.
6 becomes:
Po = Γ
4Pi
piw2
∫ yo+aR
0
∫ φ(r)
0
r exp
(
−2r2
w2
)
dφdr.
(10)
Dividing Eq. 10 by Pi and evaluating the integral
on φ, we obtain the power transfer coefficient as a
5function of θ:
η(θ) =
Po
Pi
= Γ
4
piw2
∫ yo(θ)+aR
0
r exp
(
−2r2
w2
)
× cos−1
(
r2 + y2o(θ)− a
2
R
2ryo(θ)
)
dr. (11)
For the particular case where yo = 0, i.e., the opti-
cal spot is centered on the receiving fiber core, Eq.
8 yields θ = θo = m/K. At this point the function
φ(r) is not defined and the value for η(θo) can be
found integrating φ in Eq. 10 from 0 to pi, which
results in:
η(θo) = Γ
4
w2
∫ aR
0
r exp
(
−2r2
w2
)
dr =
Γ
[
1− exp
(
−2a2R
w2
)]
. (12)
Finally, the static characteristic curve of the sen-
sor can then be obtained evaluating the integral on
Eq. 11 numerically for each corresponding value of
θ, and using the result of Eq. 12 for θ = θo. As
can be seen, the reflective surface must have a non
zero angle θ, for the light to reach the receiving fiber
core, since emitting and receiving fiber are spatially
separated. However, in order to yield a static char-
acteristic curve centered on zero, the axis of θ can
be shifted by subtracting θo.
4. Results
Three optical fibers with different core radius
were used in this work: one single-mode fiber
(4/62.5 µm core/cladding radii) and two multimode
fibers (25/62.5 µm and 52.5/62.5 µm core/cladding
radii). The single-mode and multimode fiber nu-
merical apertures were NA = 0.12 and NA = 0.22,
respectively. Using these fibers, nine different sen-
sor configurations were considered using one fiber
as the emitting and the other as the receiving. The
name given to the configuration was composed by
the emitting fiber core radius (a) and the receiving
fiber core radius (aR), both in µm, as a/aR. As
an example, a configuration with a = 4 µm and
aR = 25 µm is called sensor 4/25.
The static characteristic curves simulated and ex-
perimentally acquired, were for the following sen-
sors: 4/4, 4/25, 4/52.5, 25/4, 25/25, 25/52.5,
52.5/4, 52.5/25, and 52.5/52.5. The cladding radii
of both emitting (b) and receiving (bR) fibers, for
all sensor configurations, were kept the same and
unchanged: external diameter of 125 µm, i.e., b =
bR = 62.5 µm. Regarding an ideal condition, there
is no gap between fibers (δ = 0) and there are no
transmission losses (Γ = 1). The focal length of
the positive lens was fL = 7.4 mm. The spot size
over the receiving fiber plane was regarded constant
as w = a + 2 µm. Regarding wo ≈ 0.5 mm and
λ = 532 nm, results in zR ≈ 1.5 m, which means
that Z1 can be up to approximately 750 mm (zR/2),
as stated in the mathematical model section. The
sensor was mounted (and simulated) with Z1 much
smaller than this value; it was chosen as Z1 = 35.4
mm.
4.A. Static characteristic curve simulation
The static characteristic curves were simulated with
the software Matlab, using the parameters of the
actual optical fibers and components. The first set
of simulations was accomplished with the emitting
fiber of 4 µm in three configurations: 4/4, 4/25,
4/52.5. The power transfer coefficient, η, was nor-
malized and evaluated as a function of θ. The sim-
ulation results are shown on Fig. 3 (a), where the
solid line is the result for the sensor 4/4, the dashed
line is the result for the sensor 4/25, and the dotted
line is the result for the sensor 4/52.5.
In the second set of simulations, the core radius
of the emitting fiber was changed to 25 µm. The
receiving fiber core radius as in the former case
was simulated with three different values: 4 µm,
25 µm and 52.5 µm, called respectively the sensor
25/4, 25/25 and 25/52.5. The simulation results
are shown in Fig. 3 (b), where the solid line is the
result for the sensor 25/4, the dashed line is the re-
sult for the sensor 25/25, and the dotted line is the
result for the sensor 25/52.5.
The third set of simulations was accomplished us-
ing an emitting fiber with a core radius of 52.5 µm.
Once again, three curves were achieved for receiv-
ing fibers with core radius of: 4 µm, 25 µm and
52.5 µm. The sensors were called sensor 52.5/4,
52.5/25 and 52.5/52.5, respectively. The results are
shown in Fig. 3 (c), where the solid line is the result
for the sensor 52.5/4, the dashed line is the result
for the sensor 52.5/25, and the dotted line is the
result for the sensor 52.5/52.5.
For all sensors’ configurations, the curve is sym-
metric and there are two linear regions, one positive
slope and the other, negative. It can be observed
that, for the sensors which aR ≤ a, there is peak
and for the sensors which aR > a, the peak is ex-
tended to a flat region, as expected, since the op-
tical spot is entirely confined on the receiving fiber
core.
Each static characteristic curve was normalized
by its maximum output value, that corresponds to
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Fig. 3. (Color online) Simulated static characteris-
tic curves for the sensors: (a) 4/4, 4/25, and 4/52.5,
(b) 25/4, 25/25, and 25/52.5, (c) 52.5/4, 52.5/25, and
52.5/52.5.
the peak, called in this text as Vmax. The side of the
positive slope was chosen to fit a linear curve (using
the least squares method) which linear range meets
a criterion of nonlinearity less than or equal to 1%.
The operation point (or bias point) of the sensor is
defined as the η value corresponding to the center
of the linear range and the normalized sensitivity
is the inclination of the fitted curve. For each sen-
sor, the normalized sensitivity, linear range, opera-
tion point, and nonlinearity were obtained, shown
in Table 1.
Table 1. Simulation results
a
Configu-
ration
Normalized
sensitivity
[mV/µrad]
Linear
range
[µrad]
Operation
point [mV]
Nonlin-
earity
[%]
4/4 (2.40 × Vmax) 194 (0.58× Vmax) 0.98
4/25 (1.93 × Vmax) 223 (0.50× Vmax) 1.00
4/52.5 (1.94 × Vmax) 221 (0.50× Vmax) 0.98
25/4 (0.67 × Vmax) 679 (0.60× Vmax) 0.99
25/25 (0.49 × Vmax) 949 (0.55× Vmax) 0.99
25/52.5 (0.44 × Vmax) 979 (0.50× Vmax) 1.00
52.5/4 (0.36 × Vmax) 1276 (0.60× Vmax) 0.98
52.5/25 (0.32 × Vmax) 1424 (0.59× Vmax) 0.99
52.5/52.5 (0.25 × Vmax) 1840 (0.54× Vmax) 1.00
aThe parameter Vmax must be in units of volts.
The normalized sensitivity is a merit factor that
can be used to compare sensors’ configurations each
other. Analyzing the results for a given emitting
fiber radius, the sensors with the smaller receiving
fiber core radius have the higher sensitivity. Among
these sensors, the one that also has the smaller
emitting fiber core radius has the highest sensitiv-
ity, i.e., the sensor 4/4 is the most sensitive, (2.40×
Vmax) mV/µrad, with a linear range of 194 µrad.
The sensor with the largest emitting and receiving
core radii, i.e., the sensor 52.5/52.5 presented the
smallest sensitivity, (0.25×Vmax) mV/µrad, with a
linear range of 1840 µrad.
A practical and direct calibration method can be
used to determine the actual sensitivity (unnormal-
ized) of the sensor, only by measuring Vmax (in units
of volts) and substituting the value on the corre-
sponding normalized sensitivity.
4.B. Experimental static characteristic curve
In order to experimentally acquire the static char-
acteristic curve for each sensor configuration and
to verify the agreement with the simulation, an ex-
perimental setup was mounted as shown in Fig. 4
(without the lens L2 and the Q-switched laser).
The optical source used was a continuous wave
(CW) Nd:YAG laser with wavelength of 532 nm
and 55 mW of maximum output power. The re-
flective surface used for this experiment was a rigid
mirror since we are interested in the static char-
acteristic curve. The mirror was mounted over a
rotation stage, driven by a micrometer, that was
used to vary the angle θ and the corresponding
output voltage was measured on the oscilloscope.
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Fig. 4. (Color online) Experimental setup.
When using the 4 µm core radius fiber (as emitting
fiber), regardless of the fact that it is single-mode
for 1310 nm and we used a 532 nm laser, the ex-
tra propagation modes were cut off by a mode filter
which allowed only the propagation of the funda-
mental mode, LP01. In this way, the optical spot
delivered by the emitting fiber was symmetric, cir-
cular and homogeneous (without speckle).
The assembly and adjustment of the sensor head
showed to be very simple since it does not require
displacement or angular alignment between fibers.
The fibers (emitting and receiving) were placed par-
allel and glued together (using cyanoacrilate ester)
with the aid of a regular microscope (amplification
of 10×) just to align their tips and to avoid gap be-
tween them (in order to ensure δ = 0). The adjust-
ment of the lens L1 position was accomplished by
projecting the light spot over a screen on different
distances and verifying for the collimation. After
that, the mirror was placed in front of L1 and it
was aligned such that the sensor provides the max-
imum output. The light collected by the receiv-
ing fiber was directed to a photodetector, part of
a transimpedance amplifier circuit, which converts
the input photocurrent to output voltage. This cir-
cuit was designed to detect frequencies from DC up
to 85 MHz. An oscilloscope was used to acquire and
record the voltage signal from the transimpedance
amplifier. Care was taken to align the returning
optical spot (reflected by the reflective surface) in
the x direction (remained fixed after alignment) to
make sure that the spot translation on the y direc-
tion was aligned on the diameter of the receiving
fiber. Misalignments on the x direction could pro-
vide a characteristic curve shrunken in relation to
the actual curve.
The experimental results are shown in Figs. 5, 6,
and 7 in which the data were normalized for com-
parison with the mathematical model simulation.
The experimental data is shown as square markers
and the simulation is shown as a solid line. The
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Fig. 5. Experimental results: (a) Sensor 4/4, (b) Sensor
4/25, (c) Sensor 4/52.5.
mathematical model was corroborated by the ex-
periment for the sensors 4/4, 4/25, 4/52.5, 25/25,
25/52.5, and 52.5/52.5 while the data of the sen-
sors 25/4, 52.5/4 and 52.5/25 did not agree with
the theory. The sensors 25/4 and 52.5/4 presented
experimental data oscillating instead of the smooth
behavior predicted by simulation. The experiment
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Fig. 6. Experimental results: (a) Sensor 25/4, (b) Sensor
25/25, (c) Sensor 25/52.5.
showed that the receiving fiber with aR = 4 µm
works as a slit when the emitting fiber has a = 25
or 52.5 µm and the characteristic curve amplitude
varies randomly as the speckles reach the receiv-
ing fiber core radius. In this way, the use of the
receiving fiber with aR = 4 µm is recommended
only when the emitting fiber has a = 4 µm, i.e.,
the 4/4 sensor. The sensor 52.5/25 presented a
larger experimental curve and two peaks, proba-
bly because of the pattern of the modes coupled in
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Fig. 7. Experimental results: (a) Sensor 52.5/4, (b) Sen-
sor 52.5/25, (c) Sensor 52.5/52.5.
the multimode emitting fiber. However, the sen-
sor 52.5/25 can still be used for angular displace-
ment measurements since its positive or negative
slope keeps smooth and linear. The discrepancy
between simulation and experiment for the sensors
25/4, 52.5/4 and 52.5/25 showed that care must be
taken when using a multimode emitting fiber, which
speckle pattern do not meet the homogeneous gaus-
sian intensity profile assumed on the model; this can
be a relevant issue when the receiving fiber core ra-
9dius is smaller than the emitting fiber core radius.
Nevertheless, the mathematical model is useful for
designing the sensor configuration according to the
application requirements (e.g., sensitivity and lin-
ear range). In addition, this model is general and
can be used to test for variations in other parame-
ters, e.g., cladding radius or the lens focal distance.
In order to obtain the highest sensitivity for
this sensor, it was chosen the sensor configura-
tion 4/4 which has the highest normalized sensi-
tivity: (2.40 × Vmax) mV/µrad. Measuring the
peak voltage with the rigid mirror (reflective surface
with reflectivity of 100%) it was obtained Vmax =
3.2 V (DC voltage), which results in a sensitivity of
7.7 mV/µrad, for this specific setup.
4.C. Ultrasound detection
For dynamic operation, the fiber optic sensor con-
figuration shall be chosen according to the sensitiv-
ity and linear range requirements of the measure-
ment. In this case, the configuration used in all
experiments was the sensor 4/4 due to its higher
sensitivity. The sensor’s reflective surface is then
substituted by the sample under analysis and the
alignment of the sensor head is accomplished. The
θ angle is varied to find and measure Vmax (DC volt-
age). Then, the operation point is set adjusting θ
to a value which provides an output voltage of ap-
proximately (0.58×Vmax) (Vmax/2 can also be used
as a practical value). At this point, the sensor is
ready to perform dynamic measurements and the
oscilloscope can be set to AC acquisition.
In the first experiment, a well-behaved signal (si-
nusoidal) was used to test the dynamic operation
of the sensor. The experimental setup shown in
Fig. 4 was modified, substituting the reflective sur-
face by a piezoelectric transducer (without the lens
L2 and the Q-switched laser). The optical source
used was again the CW Nd:YAG laser (wavelength
of 532 nm and 55 mW of maximum output power).
The transducer resonance is centered on approxi-
mately 1 MHZ, according to the manufacturer. The
transducer tip is circular with diameter of 35 mm;
its surface is metallic (providing a reasonable op-
tical reflectivity) leading to Vmax = 0.34 V and,
consequently, a sensitivity of 0.82 mV/µrad. A si-
nusoidal input voltage Vin = 10.2 V (peak-to-peak)
with frequency of 1.02 MHz was applied to the
transducer and the output voltage provided by the
sensor was measured as Vout = 14 mV (peak-to-
peak). The input and output voltage waveforms
were acquired using the oscilloscope and they are
shown in Fig. 8. The frequency response of the
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Fig. 8. Output signal (top) and input signal (bottom)
for the piezoelectric transducer.
transducer was then acquired varying the input fre-
quency from 0.2 to 2 MHz and measuring the ra-
tio between Vout and Vin. The frequency response
curve is shown in Fig. 9, where the ratio Vout/Vin
was normalized. Figure 9 shows the highest res-
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Fig. 9. Frequency response of the piezoelectric trans-
ducer measured with the 4/4 sensor.
onance amplitude at 1.02 MHz and a smaller res-
onance at 1.31 MHz. The linearity curve for the
transducer was then acquired keeping the frequency
on the resonance, i.e., 1.02MHz, and the voltage of
Vin was varied from approximately 1 to 11 V (peak-
to-peak). The result is shown in Fig. 10. As can
be seen on the graphic, the piezoelectric transducer
presents a linear response over the range analyzed.
These results show that the sensor is suitable to
detect a sinusoidal ultrasonic wave in time domain
and to measure the frequency response and linear-
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Fig. 10. (Color online) Linearity of the piezoelectric
transducer at 1.02 MHz.
ity of a transducer.
A second experiment was performed aiming the
detection of non sinusoidal signals: pulsed ultra-
sonic waves. For this, the laser ultrasonics ex-
perimental setup shown in Fig. 4 was used. A
Q-switched Nd:YAG laser, called generation laser,
was used to generate ultrasonic pulses in aluminum
samples. This type of laser can generate the longi-
tudinal, shear and surface waves [33–35]. The Q-
switched laser (wavelength of 1064 nm) was oper-
ated at single shot with energy of 420 mJ and a
pulsewidth of 9 ns in all subsequent experiments.
The laser spot diameter was approximately 6 mm.
The first laser ultrasonics measurement was ac-
complished with an aluminum sample with dimen-
sions of 86 × 30 × 6.88 mm, i.e., 6.88 mm thick-
ness. This sample was polished on one side (to in-
crease the amount of light reflected) and the other
side was painted black (to increase light absorp-
tion). In this way, the generation laser was pointed
to the black side of the sample and the sensor head,
pointed to the polished surface. The generation
laser spot and the sensor spot were aligned, in the
sample thickness direction, for the detection of ul-
trasonic waves very close to their epicenters. Ad-
justing the angle θ of the sample, the maximum
voltage output was measured as Vmax = 0.36 V,
which means a sensitivity of 0.86 mV/µrad. The
lens L2 was used to decrease the generation laser
spot to approximately 3 mm at the sample surface.
The fluence was 5.9 J/cm2. The light pulse from
the generation laser was used as a trigger on the
oscilloscope to avoid jitter and delay from the elec-
tronic circuits. The waveform acquired and regis-
tered in an oscilloscope is shown in Fig. 11, where
T corresponds to the trigger (light pulse), 1L corre-
sponds to the first arrival of the longitudinal wave
(after traveling through the thickness once) and 3L
corresponds to the second arrival of the longitudi-
nal wave (after traveling the thickness three times).
The distance traveled by the longitudinal wave be-
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Fig. 11. Longitudinal and shear wave detection on alu-
minum sample. T is the trigger, 1L is the first longitu-
dinal wave arrival (after traveling through the thickness
once), 3L is the second longitudinal wave arrival (after
traveling the thickness three times), and 1S is the first
shear wave arrival.
tween 1L and 3L corresponds to twice the thick-
ness, i.e., ∆SL = 2 × 6.88 mm. The arrival time
of 1L and 3L were measured as t1L = 1.065 µs and
t3L = 3.205 µs, respectively. Time delay between
1L and 3L was calculated as tL = t3L−t1L = 2.14 µs
and the longitudinal wave velocity was evaluated as
vL = ∆SL/tL = 6.43 mm/µs. The shear wave ar-
rival can be also observed in Fig. 11 as 1S. This wave
traveled the thickness once, so ∆SS = 6.88 mm.
The shear wave arrival time was measured as t1S =
2.17 µs. The shear wave velocity was then evaluated
as vS = ∆SS/tS = 3.17 mm/µs. The ultrasonic
velocity of the longitudinal wave on aluminum,
according to [33], is approximately 6.42 mm/µs,
which means an error of 0.2%. For the shear wave,
the velocity is approximately 3.13 mm/µs, meaning
an error of 1.3%.
The second laser ultrasonics measurement was ac-
complished to detect a surface (Rayleigh) wave in
an aluminum block with dimensions of 50 × 50 ×
34 mm. The setup shown in Fig. 4 was modified
with the generation laser pointing on the front sur-
face of the sample, i.e., the polished side (the same
as the sensor head). The maximum output voltage
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measured at the detection point was Vmax = 0.7 V
leading to a sensitivity of 1.68 mV/µrad. The gen-
eration laser was then focused with a positive cylin-
drical lens (instead of the spherical lens L2) with
50 mm of focal length to generate a laser line with
approximately 6 mm of height on the sample sur-
face. The distance between the generation laser line
and the sensor spot was ∆SR = 19.5 mm. The
resulting signal was acquired with the oscilloscope
and is shown in Fig. 12. In this figure, T is the trig-
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Fig. 12. Rayleigh wave detection on aluminum sample.
T is the trigger and R is the Rayleigh wave arrival.
ger pulse and R is the Rayleigh wave arrival. The
time delay between the trigger and the Rayleigh
arrival measured was tR = 6.58 µs. Then, the
resulting Rayleigh velocity was vR = ∆SR/tR =
2.96 mm/µs. According to [33], the velocity of
the Rayleigh wave in aluminum is approximately
2.93 mm/µs, which means an error of 1%.
5. Conclusions
The fiber optic sensor developed in this work is
highly sensitive to angular displacement, has a lin-
ear response, wide bandwidth, and is simple and
low cost. Compared with other fiber optic sensors,
a bundle of fibers is not necessary, the fibers can be
positioned further from the reflective surface, the
assembly and adjustment of parameters is simpler,
and it uses few optical components. Regarding a
hypothetical version using only one fiber (to both
emit and receive the light), the advantage of using
two fibers is the simplicity of the setup and the cost,
since it would require additional expensive optical
components. Besides, the sensor provides an out-
put voltage signal in the time domain directly, with
no additional circuits for demodulation as occurs in
the interferometer configurations.
The simulation results showed that the sensor
configurations tested are highly sensitive to small
angle variation (in the range of microradians) with
nonlinearity less than or equal to 1%. Moreover,
the simulation showed that the fiber core radius
(both the emitting and the receiving fiber) influ-
ences the normalized sensitivity of the sensor: it
is inversely proportional to the fibers core radius.
As a result, the sensor 4/4 presented the high-
est normalized sensitivity, (2.40 × Vmax) mV/µrad
(with a linear range of 194 µrad), and the sensor
52.5/52.5 presented the lowest, ten times smaller,
(0.25 × Vmax) mV/µrad (with a linear range of
1840 µrad). It was observed that the actual sensi-
tivity (unnormalized) of the sensor depends on the
reflectivity of the reflective surface. Using a mirror
as a reflective surface, the sensor 4/4 presented a
sensitivity of 7.7 mV/µrad.
The sensors 4/4, 4/25, 4/52.5, 25/25, 25/52.5,
and 52.5/52.5 showed a good agreement between
the simulation and experiment, while the sensors
25/4, 52.5/4 and 52.5/25 did not agree. For the
case of the sensors 25/4 and 52.5/4, the disagree-
ment is due to the combination of the speckle pat-
tern from the multimode emitting fibers (25 and
52.5 µm core radius) and the relatively small core
radius of the receiving fiber which is 4 µm for both
sensors. The receiving fiber in this case works as a
slit and, as a consequence, the intensity can increase
or decrease according to the speckle position. The
sensor 52.5/25 provided a result in disagreement
with the theory however, it can still be used for
ultrasonic measurements since its positive or neg-
ative slope stays smooth and linear. The mathe-
matical model showed to be general and useful for
designing the sensor configuration according to the
application requirements.
The sensor was initially tested to detect the si-
nusoidal vibration of a piezoelectric actuator. The
time domain waveform, the frequency response and
the linearity of the actuator were acquired and
showed the potential of the sensor for the detec-
tion of ultrasonic waves and for characterization
of piezoelectric actuators. As part of a laser ul-
trasonics system, the sensor was able to detected
longitudinal, shear, and surface waves (generated
by the Q-switched laser). The velocity of the lon-
gitudinal, shear, and surface waves were measured
on aluminum samples as 6.43 mm/µs, 3.17 mm/µs,
2.96 mm/µs, respectively, and the presented error
was smaller than 1.3%. The sensor proved to be
suitable for time-of-flight measurements and non-
destructive inspection, being an alternative to the
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piezoelectric or the interferometric detectors.
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